In both male and female germ cells of mice, retinoic acid (
INTRODUCTION
Germ cells are unique, because they undergo meiosis to generate haploid cells. In mammals, both male and female germ cells perform meiosis, but the timing of entry into meiosis differs significantly between the sexes. Mouse primordial germ cells (PGCs) are sexually bipotent before gonadal sex differentiation [1, 2] . Once sex differentiation occurs, the PGCs enter oogenesis in females or spermatogenesis in males to develop as oocytes or as prospermatogonia, respectively [1, 3] . This developmental switch appears to occur at approximately 13.5 days postcoitum (dpc). At this stage, female PGCs immediately initiate meiosis, progress into the first meiotic prophase, and then arrest at the dictyate stage. At this same stage, male PGCs begin to enter mitotic arrest and remain suspended in the G 0 /G 1 stage of the cell cycle until a few days after birth. Following birth, male germ cells resume mitotic proliferation and subsequently enter meiosis during puberty, whereas female germ cells remain arrested in the first meiotic prophase until ovulated [4] . This initial sexual differentiation of fetal germ cells appears to be dependent on the sexual phenotype of the gonadal somatic cells rather than on the chromosomal sex of the germ cells [5, 6] .
In the male gonads, expression of Sry, the testis-determining gene, triggers testis cord formation at approximately 12.5 dpc, and the male germ cells become enclosed by pre-Sertoli cells [1, [7] [8] [9] [10] . At this time, the male germ cells also begin to enter mitotic arrest [11] . During mitotic arrest, the male germ cells initiate de novo methylation of genomic imprints at 15.5 dpc and establish biallelic, male-specific imprints by birth or shortly thereafter [12] [13] [14] . It has been reported that male PGCs at 12.5 dpc are already committed to the male differentiation pathway and that they will become ''prespermatogonia'' even without the male gonadal environment [1, 9] . Our own previous study showed that the male-specific pathway is autonomously regulated in male germ cells that have been exposed to the male gonad before 13.5 dpc [15] . Thus, these results suggest that male germ cells might be committed to the male differentiation pathway before they enter the G 0 /G 1 phase of the cell cycle.
Recently, it has been shown that retinoic acid (RA) can act as a meiosis-inducing factor in the mouse gonad [16, 17] . RA induces Stra8 (stimulated by retinoic acid 8), an RAresponsive gene, in female PGCs at 12.5 dpc, which then leads to meiotic initiation in fetal female germ cells [16, 17] . In the male gonad, pre-Sertoli cells produce CYP26B1, an RAmetabolizing enzyme, to prevent the male PGCs from entering meiosis during the fetal period [16, 17] . In postnatal testes, however, RA stimulates Stra8 expression in spermatogenic cells [18, 19] . In addition, it has been reported that RA treatment induces Stra8 expression in both fetal and neonatal male germ cells when they are removed from the counteracting influence of pre-Sertoli cells [18, 20] . Furthermore, Stra8-deficient mice have been used to demonstrate that Stra8 is required for meiotic initiation and/or meiotic processes in both males and females [21] [22] [23] . These findings strongly suggest that despite the different timing of meiotic initiation in each sex, male and female germ cells appear to share a similar meiotic initiation pathway based on induction of Stra8 expression by RA in premeiotic germ cells.
To further define the molecular mechanisms responsible for the sexual differentiation of germ cells, we have employed an organ culture system that affords us maximum opportunity to manipulate specific molecular constituents [10, [16] [17] [18] 20] , an approach that was critical to the initial discovery of the significant role played by RA in regulating meiotic initiation in germ cells [16, 17] . Recently, some reports have suggested that RA treatment cannot induce meiosis in male germ cells following the initiation of testis differentiation but can induce meiosis in sexually bipotent PGCs before gonadal sex differentiation [1, 10, 20, 24] . It is not clear, however, if this effect is regulated by the various types of somatic cells that surround the germ cells in the developing testis or if this is an intrinsic feature of developing male germ cells. We previously established a germ cell culture system to directly study intrinsic features of germ cells while excluding any effects from gonadal somatic cells [15] . In the present study, we utilized this germ cell culture system to investigate the direct effects of RA on entry into meiosis of male germ cells between 13.5 and 15.5 dpc-the stage at which these cells normally enter mitotic arrest. We used this approach to determine the extent to which male germ cells maintain sexual bipotency following the initiation of sexual differentiation of the testis.
MATERIALS AND METHODS

Mice
Pou5fl-green fluorescent protein (GFP) transgenic mice (Tg OG2), generated by microinjecting CBA/CaJ 3 C57BL/6J F 2 zygotes, express germ cell-specific GFP driven by the Pou5fl gene promoter/enhancer (a generous gift from Dr. Jeff R. Mann, University of Melbourne, Victoria, Australia) [25] . CD1 females were mated with male Tg OG2 mice to produce CD-1 3 OG2 F 1 hybrid fetuses. GFP-positive germ cells were collected from these F 1 fetuses as described below to perform all experiments. All relevant experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Hawaii.
Media
Gonads and germ cells were collected in Hepes-Dulbecco modified Eagle medium (DMEM; Invitrogen) with 20% fetal bovine serum (FBS; HyClone Laboratories). Germ cells were cultured in high-glucose DMEM supplemented with 0.1 mM nonessential amino acid, 0.1 mM 2-mercaptoethanol, 2 mM glutamine, 1 mM sodium pyruvate, 100 IU/ml of penicillin, 100 lg/ml of streptomycin, and 20% FBS with or without 1 lM RA (Sigma-Aldrich).
Germ Cell Culture
Male gonads were obtained from F 1 hybrid fetuses at 13.5, 14.5, and 15.5 dpc. Gonads were dissected in Hepes-DMEM with 10% FBS and incubated in 0.2% collagenase (Sigma-Aldrich) and Accumax (Innovative Cell Technologies) for 10 min at 378C. After incubation, gonads were gently pipetted to prepare a single-cell suspension. GFP-positive cells were sorted using a FACSAria cell sorter (BD Bioscience). After sorting, the purity of GFPpositive cells was greater than 98%. Approximately 8000 germ cells were cultured on collagen-coated mesh inserts (Corning Life Science) with or without RA. The germ cells were cultured at 378C with 5% CO 2 in air for 1-6 days.
DNA Replication Assay
A DNA replication assay was performed using a Click-iT 5-ethynyl-2 0 -deoxyuridine (EdU) Alexa Fluor HCS assay kit (Invitrogen). On each of the culture days (1-6 days), male germ cells were incubated with EdU for 5 h. After incubation, the germ cells were placed on glass slides and treated according to the manufacturer's instructions. EdU-positive cells were counted using an Axio Skop 2 Plus microscope (Carl Zeiss Microimaging).
Quantitative Gene Expression Analysis
After culturing for 1-6 days, single or clumped germ cells were collected one by one with glass pipettes to make 200-400 cells as one set, and cDNA was synthesized using the Superscript III CellsDirect cDNA synthesis system (Invitrogen). We used three to five sets of germ cells from each stage for the gene expression assay as described previously [15] . We examined the quantitative expression of the following genes: DNA methyltransferase 3-like (Dnmt3l), stimulated by retinoic acid 8 (Stra8), and synaptonemal complex protein 3 (Sycp3). The sequences of the primers used were as follows (forward and reverse, respectively): for Dnmt3l, 5
0 -GTGCGGGTACTGAGCCTTTT 
Immunocytochemical Staining
After 1-4 days of culture, the germ cells were placed on glass slides and fixed with 4% paraformaldehyde for 15 min. After washing, they were permeabilized with 0.2% Triton X-100 and 3% BSA in PBS (À) for 15 min. They were then incubated with anti-STRA8 (1:500; Abcam) and anti-SYCP3 (1:500; Abcam) overnight at 48C. After washing, the germ cells were incubated with a 1:500 dilution of goat anti-rabbit Alexa 568 or goat anti-mouse Alexa 568 (Invitrogen), respectively, as a secondary antibody. Stra8-and Sycp3-positive cells were detected using an Axio microscope (Carl Zeiss).
Bisulfite Genomic Sequencing
The DNA methylation patterns at imprinted loci were examined using bisulfite genomic sequencing as previously described [15, 26] . Briefly, one sample of genomic DNA prepared from 500-1000 GFP-positive germ cells was used for each PCR amplification. Bisulfite modification of DNA was performed using a methylation assay kit (Zymo Research). Primer pairs specific for the differentially methylated domains (DMDs) of the paternally imprinted H19 gene were used for nested amplification as previously described [15, 26] . Three sets of experiments were performed for each stage.
Statistical Analysis
All values are expressed as the mean 6 SEM. For comparisons of DNA replication and quantitative gene expression levels, data were analyzed by ANOVA followed by least-significant-difference comparison test. Significance was considered as a P-value of less than 0.05.
RESULTS
Cell Proliferation and DNA Replication
When male germ cells recovered at 13.5, 14.5, and 15.5 dpc were cultured without RA, most (97%) remained as single cells after 4 days of culture ( Fig. 1, A and B) . However, in the presence of RA, the live cell population became a mixture of single cells and cell clumps. Approximately 65% of the male germ cells recovered at 13.5 dpc formed cell clumps consisting of 2-8 cells after 4 days of culture ( Fig. 1, C and D) . In contrast, only 7% of male germ cells recovered at 14.5 dpc formed such clumps when cultured with RA, and no cell clumps formed when male germ cells recovered at 15.5 dpc were cultured in the presence of RA (data not shown). These results suggest that the tendency of fetal male germ cells to form clumps when cultured in the presence of RA declines as a function of the developmental stage at which the germ cells are recovered.
To assess the effect of RA on DNA replication, we used the EdU assay system (Invitrogen). The EdU assay does not require DNA denaturation and antibody treatment, which are required for the 5-bromodeoxyuridine assay. Male germ cells recovered at 13.5, 14.5, and 15.5 dpc were incubated with EdU for 5 h after 1, 3, or 5 days of culture, and the ratio of EdUpositive cells was then determined (Fig. 2 ). In the controls cultured without RA, EdU-positive cells were very rare, and most of the male germ cells did not undergo DNA replication regardless of the stage at which they were isolated (Fig. 2 , A-C). In the presence of RA, on the other hand, approximately 30% of the male germ cells recovered at 13.5 dpc became EdUpositive after 1 day of culture (Fig. 2A) . Significantly, up to
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57% of germ cells in the clumps became EdU-positive after 3 days of culture. Approximately 20% of germ cells recovered at 14.5 dpc became EdU-positive after 1 day of culture in the presence of RA, but a greater incidence of EdU-positive cells was still found among clumped cells, similar to that seen for germ cells recovered at 13.5 dpc (Fig. 2B ). In contrast, male germ cells recovered at 15.5 dpc did not undergo DNA replication even in the presence of RA (Fig. 2C) . To determine if the rate of DNA replication is directly proportional to the RA concentration, male germ cells were next cultured with 10 lM RA (10-fold higher than the concentration used for the previous experiments). However, this significantly higher RA concentration did not increase the DNA replication rate in male germ cells isolated at any stage (Fig. 2, D-F) .
Quantitative Gene Expression
We next examined the effects of ectopic RA administration on gene expression patterns in fetal male germ cells maintained in culture. Dnmt3l is required to direct proper de novo DNA methylation in fetal male germ cells [27] [28] [29] . Stra8 is essential for the onset of meiosis [21, 22] . Sycp3 is a marker for meiosis. The expression profiles of these genes in endogenous male and female germ cells between 13.5 and 19.5 dpc are shown in Supplemental Figure S1 (available at www.biolreprod.org). In male germ cells recovered at 13.5 dpc, Dnmt3l expression was significantly diminished both among dispersed single cells and in cell clumps in the presence of RA (Fig. 3A) . In the cell clumps, Dnmt3l expression levels were decreased to approximately 10% of those in control cultures (not treated with RA) after 2-4 days of culture. However, in male germ cells recovered at 14.5 and 15.5 dpc, Dnmt3l expression levels were very similar regardless of the presence or absence of RA in the medium (Fig. 3, D and G) .
When male germ cells recovered at 13.5 dpc were cultured with RA, Stra8 expression in the clumps after 2 days of culture was sharply increased-up to 80-fold higher than control levels (Fig. 3B) . Subsequently, Stra8 mRNA levels gradually decreased when the culture period was extended. Expression In the presence of RA, the germ cells isolated at 13.5 dpc increased DNA replication. Especially in the clumped cells, more than 50% of them were EdU positive after 3 days of culture. In the germ cells isolated at 14.5 dpc, the EdU-positive cell number decreased. The male germ cells isolated at 15.5 dpc did not perform DNA replication even in the presence of RA. Male germ cells isolated at 13.5 dpc (D), 14.5 dpc (E), and 15.5 dpc (F) were also cultured with 10 lM RA (RA 103) for 1, 3, and 5 days. The ratios of DNA replication were the same as the original concentration of RA in all stages. Each column represents the mean of three replicate experiments. Error bars show the SEM. Asterisks indicate statistically significant differences (*P , 0.05, **P , 0.01, ***P , 0.001) between the RA negative control (RA [À] Single) and RA-treated samples or between RA-treated single cells and clumped cells in each culture day.
of Sycp3 was also increased in the clumped cells cultured in the presence of RA, and these levels peaked at a 14-fold increase after 4 days of culture (Fig. 3C) . Although the single cells cultured with RA also showed increased Stra8 and Sycp3 expression levels, these levels were consistently lower than those observed in the clumped cells.
When male germ cells recovered at later stages were cultured with RA, Stra8 expression increased to 15-and 7-fold higher than control levels in germ cells recovered at 14.5 and 15.5 dpc, respectively (Fig. 3, E and H) . However, in spite of this increased expression of the Stra8 gene in these cells, little or no elevation of Sycp3 gene expression was detected (Fig. 3,  F and I) .
Localization of STRA8 Protein
To assess the extent of RA stimulation of gene expression in the cultured germ cells, we examined expression patterns of a known RA-responsive gene using immunostaining for STRA8 protein in male germ cells recovered at 13.5, 14.5, and 15.5 dpc and cultured with RA. In the controls cultured without RA, none of the male germ cells expressed STRA8 regardless of the stage at which they were isolated (Fig. 4A) . In the presence of RA, however, germ cells recovered at 13.5 dpc showed strong expression of STRA8 protein in both the clumped cells and the single cells after 2 days of culture (Fig. 4, B and C) . The localization of STRA8 was divided into two types: only in the nucleus or in both the nucleus and the cytoplasm (Fig. 4B) . Some of the cells expressed STRA8 predominantly in the cytoplasm compared to the nucleus. In the clumped cells after 3 days of culture, STRA8 was strongly expressed only in the nucleus or in both the nucleus and the cytoplasm. Most of the single cells also showed STRA8 expression after 3 days of culture in the presence of RA, and its localization was very similar to that in the cells in the clumps (data not shown). In germ cells recovered at 14.5 dpc and cultured in the presence of RA, the proportion of STRA8-positive cells was decreased relative to that observed in germ cells recovered at 13.5 dpc (Fig. 4D) , and in germ cells recovered at 15.5 dpc and cultured with RA, STRA8 localization was mainly detected in the nucleus after 2 days of culture (Fig. 4E) . For the latter cells, the localization of STRA8 was predominantly in the nucleus, and the expression levels were very low.
Entry into the Meiotic Process
We next used immunocytochemical staining for SYCP3 to assess the direct effect of RA on induction of entry into meiosis in male germ cells recovered at 13.5, 14.5, and 15.5 dpc. After 4 days of culture with or without RA, germ cells were immunostained for SYCP3, and their status was then listed in one of four different stages-1) interphase (no entry into meiosis), 2) leptotene, 3) zygotene, or 4) pachytene-as previously described [15] . When male germ cells recovered at 13.5, 14.5, and 15.5 dpc were cultured without RA, none proceeded into meiosis (Table 1 ). In the presence of RA, however, 89% of the clumped germ cells recovered from male fetuses at 13.5 dpc had entered meiosis to some extent, about half of the meiosis-positive cells (45% of the total germ cells) had reached the zygotene stage, and a few had progressed to the pachytene stage ( Fig. 5 and Table 1 ). Interestingly, only 24% of the single cells recovered from male fetuses at 13.5 dpc entered meiosis in the presence of RA, and approximately 40% of those meiosis-positive cells (9% of the total germ cells) showed progression to the zygotene stage (Table 1) .
After culturing the male germ cells recovered at 14.5 dpc, most of the single cells (93%) did not enter meiosis even in the presence of RA. Among the clumped cell population, 42% entered meiosis, but only a small fraction of these cells (5% of the total germ cells) reached the zygotene stage. Finally, none of the male germ cells recovered at 15.5 dpc progressed into meiosis even in the presence of RA ( Table 1) .
Establishment of Genomic Imprints of H19
In mouse germ cells, the inherited, allele-specific methylation imprints are completely erased by 13.5 dpc, and sexspecific imprints are subsequently reestablished on both alleles according to the sex of the individuals. In males, reestablishment of biallelic paternal imprints is initiated by 15.5 dpc and is completed shortly after birth. Our previous study showed that male germ cells recovered at 13.5 dpc and cultured without RA for 6 days establish paternal methylation imprints in the H19 DMDs similar to those found in endogenous male germ cells at 19.5 dpc [15] . To determine if ectopic RA affects this process, we used bisulfite genomic sequencing to examine the methylation status of the H19 DMDs in male germ cells after 4-6 days of cell culture in the presence of RA. We first cultured male germ cells recovered at 13.5 dpc for 6 days without RA as a control. Approximately 70% of total CpG sites in the H19 DMDs became methylated in these cells (data not shown), similar to results reported from our previous study [15] . This confirms that male germ cells isolated at 13.5 dpc and maintained in the absence of any gonadal somatic cells are able to perform de novo methylation in culture. Next, we examined the methylation status in the clumped germ cells derived from male fetuses at 13.5 dpc and maintained in culture with added RA. Only 10% of H19 CpG sites were methylated, and the H19 DMDs remained entirely hypomethylated in these cells (Fig. 6B) . This result suggests that de novo methylation of the H19 gene in the clumped cells was significantly suppressed 
1060
by the presence of RA. When germ cells recovered at 14.5 dpc were cultured with RA for 5 days, most of the H19 CpG sites (83%) in the single-cell population became methylated (Fig.  6C) , suggesting that most of these cells have the ability to establish male-specific imprints regardless of the presence or absence of ectopic RA. Finally, almost all CpG sites (97%) in the H19 DMDs in germ cells isolated at 15.5 dpc were completely methylated after 4 days of culture in the presence of RA (Fig. 6D) , indicating that these cells do not respond to the presence of ectopic RA.
DISCUSSION
Retinoic acid has been reported to be a meiosis-inducing substance [16, 17] . However, past studies have not clearly elucidated the extent to which this effect of RA acts directly on germ cells or, perhaps, is mediated by gonadal somatic cells. We used a defined cell culture system in which purified germ cells can be maintained in the absence of gonadal somatic cells to examine the ability of RA to induce entry of male germ cells into meiosis at a stage when they would normally enter mitotic arrest. We found that the addition of exogenous RA caused a portion of male germ cells recovered at 13.5 and 14.5 dpc to initiate meiosis in culture, whereas the addition of RA to cultures of male germ cells isolated at 15.5 dpc failed to induce any entry into meiosis. These results support the previously reported contention that RA is, indeed, a meiosis-inducing factor, and they indicate this is a direct effect on the germ cells that does not require the presence of surrounding gonadal somatic cells. In addition, these results suggest that at the beginning of the period of sexual differentiation of germ cells (13.5-14.5 dpc), RA can induce a reversal of the sexual phenotype by causing male germ cells that would normally enter mitotic arrest, characteristic of the male differentiation pathway, to instead enter the meiotic prophase characteristic of the female differentiation pathway. However, once male germ cells have progressed further into the male differentiation pathway (i.e., by 15.5 dpc), they become insensitive to this effect and appear to be committed irreversibly to the male pathway even in the presence of exogenously added RA.
Some previous reports claimed that exogenous RA could not induce meiosis in fetal germ cells and/or that it could only induce entry into meiosis in PGCs before gonadal sex differentiation [1, 10, 20, 24] . Most of these studies were based on the use of a gonadal organ culture system. Best et al. [10] concluded that exogenous RA does not induce meiosis or change the sex fate of XY germ cells. Trautmann et al. [20] suggested that RA treatment can induce meiosis in male PGCs at 11.5-12.5 dpc but not in male germ cells present in the gonads at 13.5 dpc. This suggests the possibility that when exogenous RA is added to fetal gonadal organ cultures, it may be metabolized normally or its action may be somehow masked by the gonadal somatic cells present in the organ culture system. The purified germ cell culture system used in the present study allowed us to eliminate this effect so that we could assess the direct effects of RA on developing germ cells. Although germ cells were treated with collagenase/Accumax and cultured without supporting somatic cells, our previous study [15] and the present study showed that these treatments do not negatively affect the response of the cells to RA.
Our study showed that exogenous RA stimulates male germ cells recovered at 13.5 dpc to form clumps of 2-12 cells in culture (Fig. 1) . We wondered if these clumps were formed by aggregation of cells originally placed in culture or by proliferation of the original cells to form new cells. A previous report demonstrated that RA stimulates cell proliferation in cultured germ cells [30] . We observed meiotic cells in both the dispersed (single) and clumped cell populations derived from male germ cells isolated at 13.5 dpc, and the meiotic cells in both populations showed similar meiotic progress (to the leptotene/pachytene stages) after 4 days of culture with RA (Table 1) . Our EdU assay demonstrated that the germ cells in the clumps performed DNA replication very frequently (Fig.  2 ), but this assay did not distinguish DNA replication in cells entering meiosis from that in cells maintaining mitotic proliferation [22, 31] . RA is known to stimulate Stra8 expression, which is required both for the premeiotic S phase and for subsequent events during meiotic prophase [21] [22] [23] . In our clumped cells in culture, Stra8 expression at both the mRNA and protein levels was dramatically elevated soon after RA treatment (Figs. 3 and 4) . Therefore, we conclude that the EdU-positive cell population in the clumps represents primarily cells that have entered meiosis rather than mitotically active cells. Because these cells were all found to be at some stage of the first meiotic prophase, they had not yet undergone cytokinesis. Taken together, these results suggest that the cell clumps must be formed by aggregation of preexisting, individual dispersed cells rather than by proliferation of a few cells to form additional cells. Interestingly, it has been reported that fetal germ cells express adhesion molecules during their development [32] [33] [34] . Di Carlo and De Felici [33] demonstrated that E-cadherin mediates germ cell adhesion, especially in male germ cells dispersed from gonads in culture. Cadherins are the best-characterized family of adhesion molecules mediating homophilic, calcium-dependent cell adhesion. Di Carlo and De Felici also demonstrated that bcatenin plays an important role in regulating E-cadherinmediated adhesion among germ cells. Although we have yet to investigate this possibility, it may be that RA signaling stimulates germ cells to produce adhesion molecules that favor the formation of cellular clumps when meiosis is initiated in male germ cells.
Regardless of the mechanism that led to the clumping, the clumped germ cells entered meiosis more frequently than the dispersed germ cells in the presence of RA. Thus, among male germ cells originally recovered at 13.5 dpc, nearly 90% of the clumped cells entered meiosis, whereas only 24% of the dispersed cells became meiotic, after 4 days of culture in the presence of RA (Table 1) . We also showed that RA treatment directly induces Stra8 expression in male germ cells at a stage when these cells would otherwise normally enter mitotic arrest. This effect was most prevalent in male germ cells isolated at 13.5 dpc, and the ability to respond to RA induction of Stra8 expression was then gradually lost in cells isolated at 14.5 and 15.5 dpc. Importantly, Stra8 expression colocalized with the male germ cell population that entered meiosis (Figs. 3 and 4 and Table 1 ). These results are consistent with the idea that the RA signaling pathway required to activate Stra8 expression, which appears to function in male germ cells isolated at 13.5 dpc, becomes progressively suppressed in male germ cells isolated at subsequent stages. We also found that RA receptor a was abundantly expressed in endogenous male germ cells at 13.5, 14.5, and 15.5 dpc (data not shown). Therefore, the decrease of the sensitivity to RA seems to be an intrinsic characteristic of germ cells that cannot be explained by the receptivity of the cells to RA. NANOS2, a male-specific RNAbinding protein, represents a candidate for one of the factors involved in this suppression [35, 36] . During normal development, CYP26B1 inhibits RA signaling in fetal male gonads at 12.5 dpc; however, its expression becomes reduced by 13.5 dpc [16] . Nanos2 begins to be expressed in male germ cells at the point when CYP26B1 is down-regulated [36] . Based on studies of knockout mice, Suzuki and Saga [36] proposed that Nanos2 inhibits meiotic initiation in male germ cells via suppression of Stra8 expression after 13.5 dpc.
We previously demonstrated that germ cells exposed to the male gonad before 13.5 dpc become autonomously committed to the male differentiation pathway and are subsequently able to progress through this pathway in the absence of a gonadal environment [15] . The present results show that at least some male germ cells recovered at 13.5 and 14.5 dpc can be induced by RA to escape the male-specific pathway and enter a female pathway characterized by entry into meiosis during the fetal period ( Fig. 5 and Table 1 ). In addition to entering meiosis on a female schedule, these cells also did not establish male-specific imprinting at the H19 gene but, rather, maintained a hypomethylated status characteristic of the methylation pattern normally detected in female germ cells during the late fetal stages (Fig. 6B) . However, germ cells recovered from testes at 14.5 and 15.5 dpc were less likely to enter meiosis and did establish male-specific methylation imprints in the presence of RA (Fig. 6, C and D) , suggesting that the mechanisms regulating male-specific imprinting are closely related to those preventing entry of male germ cells into meiosis during the fetal period.
The loss of sexual bipotency in male germ cells seems to coincide with the progress of mitotic arrest in these cells, with most of them entering the G 0 /G 1 stage by 14.5-15.5 dpc [11] . Previous reports indicated that XY PGCs commit to the male lineage by 12.5 dpc, because these PGCs autonomously differentiate into prespermatogonia even when aggregated with female gonadal cells or lung tissue [1, 9] .
The present results suggest that commitment of male germ cells to the male differentiation pathway is reversible until these cells enter mitotic arrest. However, once they enter the G 0 /G 1 phase of the cell cycle, the male pathway is then stably maintained regardless of their environment. Recently, molecular details of cell-cycle mechanisms in germ cells have been revealed [11, 37, 38] . A peptidyl isomerase, Pin1, is involved in the regulation of PGC proliferation [39] . Thus, Pin1
À/À
PGCs do not undergo cell-cycle arrest and display a prolonged cell cycle as a result of defective G 1 -S progression [39] . A G 1 -S checkpoint protein, retinoblastoma protein (pRB), is expressed in male germ cells at the stage of mitotic arrest [11, 38] . It has been proposed that signals from pre-Sertoli cells up-regulate CDK inhibitors to promote dephosphorylation of the pRB protein and that hypophosphorylated pRB then activates the G 1 -S phase checkpoint, allowing arrest to occur [11] . Retinoblastoma 1 (RB1) is a potent cell cycle regulator in germ cells. Actually, although Rb1 À/À male germ cells fail to arrest in G 0 /G 1 at 14.5 dpc, they still enter mitotic arrest by 16.5 dpc, and this is presumed to result from up-regulation of other cell-cycle suppressors [38] . It is not clear whether malespecific genes such as Nanos2 contribute to mitotic arrest of fetal male germ cells. Further studies of the mechanisms regulating cell-cycle function may reveal additional specific functions that contribute to the initial differentiation of male and female germ cells.
In summary, we have demonstrated that exposure of fetal male germ cells to RA at a stage when they would normally enter mitotic arrest can directly induce initiation of meiosis in these cells during the initial, but not the later, stages of germ cell sex differentiation. As a result, we conclude that male germ cells maintain sexual bipotency until they reach the stage of mitotic arrest at 14.5-15.5 dpc. Once the male germ cells enter mitotic arrest, however, they appear to be irreversibly committed to the male differentiation pathway leading to spermatogenesis.
